Abstract Innovative sensor based measurement techniques like needle lift sensor, photo (optical) sensor and piezoresistive pressure transmitter are introduced and used to measure the injection and combustion characteristics in direct injection combustion system. Present experimental study is carried out in the constant volume combustion chamber to study the ignition, combustion and injection characteristics of the solid cone diesel fuel sprays impinging on the hot surface. Hot surface ignition approach has been used to create variety of advanced combustion systems. In the present study, the hot surface temperatures were varied from 623 K to 723 K. The cylinder air pressures were 20, 30 and 40 bar and fuel injection pressures were 100, 200 and 300 bar. It is found that ignition delay of fuel sprays get reduced with the rise in injection pressure. The ignition characteristics of sprays much less affected at high fuel injection pressures and high surface temperatures. The fuel injection duration reduces with the increase in fuel injection pressures. The rate of heat release becomes high at high injection pressures and it decreases with the increase in injection duration. It is found that duration of burn/combustion decrease with the increase in injection pressure. The use of various sensors is quite effective, reliable and accurate in measuring the various fuel injection and combustion characteristics. The study simulates the effect of fuel injection system parameters on combustion performance in large heavy duty engines. 
Introduction
Diesel engine combustion is a very complex phenomenon. Various processes affect the efficient diesel engine combustion such as atomization and evaporation of the liquid fuel, mixing of the fuel vapor with surrounding gases and air, self-ignition of the fuel-air mixture, oxidation, turbulence induced by air and fuel jet, the interaction of the fuel jet with the cylinder walls, heat transfer between the fuel and the surrounding gases, and between combustion gases and the cylinder walls, etc. [1] . The homogeneous air-fuel mixing in time is largely influenced by the combustion chamber geometry and the fuel injection characteristics [2] .
With use of advanced fuel injection systems in modern diesel engines, fuel injection pressures have raised by an order of magnitude as compared to older mechanical fuel injection systems. The fuel injection pressure in a standard diesel engine is in the range of 200 to 1700 atm depending on the engine size and type of combustion system employed [3] . Therefore there is a need to investigate the effect of high fuel injection pressures on engine performance, emissions and combustion characteristic of diesel fuel and for the effective utilization of diesel fuel in modern CI engines [4] .
Earlier several experimental studies have been done to investigate the effect of fuel injection pressure on performance, emission and combustion characteristics for the DI diesel engine [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . From these studies it was found that high injection pressures decrease the injection duration thus maximizing the time available for fuel/air mixing prior to ignition. It is also reported that injection pressure has a great effect on the mixture formation, ignition delay, flame pattern, turbulence and therefore affects to the flame development, combustion characteristics and emissions. In a study [15] , the effects of mixture formation on ignition and combustion of a multi-hole diesel spray were investigated. The results of testing showed that increasing injection pressures makes spray tip penetration longer and promotes a greater amount of fuel-air mixing occurs during ignition delay as compared at lowest injection pressure (100 MPa).
The ignition delay period is an important characteristic of diesel fuels. In diesel engines, a shorter ignition delay period has advantage. Many experimental methods and techniques have been used to measure the ignition characteristics of fuels, for example shock tubes, rapid compression machines, flow reactors, and constant volume combustion chambers. Other methods are going on and continue to be developed [16] [17] [18] [19] . In spite of all these diverse measurement methods, there are still many unknowns about the effects of some of the primary variables, such as initial temperature and pressure, on the ignition delay period of diesel-like fuels.
Modern commercial high-pressure constant-volume combustion chamber systems have become available, some of which are specifically designed to measure the cetane number or the derived cetane number (DCN) of diesel fuels. For the study [20] , one of these systems [21] was used over a range of initial conditions to determine the effects of these conditions on the ignition and combustion characteristics of a commercial diesel fuel. This system has several advantages over other methods that are used to measure ignition delay of diesellike fuels. These include pressure and temperature constant and uniform at the time of fuel injection, thermodynamic analysis simplified due to the constant volume configuration, and a fuel injection process using a high-pressure injection system similar to that of modern diesel engines.
Ghojel et al. [22] studied diesel sprays in a constant-volume vessel and showed only a small effect of injection pressure on ignition delay for injection pressures from 420 to 1000 bar. Jayakumar et al. [23] done measurements in a single-cylinder diesel engine, showed a decrease in ignition delay period when injection pressure was increased from 600 to 1000 bar. Wang et al. [24] carried out fuel injection experiments into a constant-volume chamber to determine the effects of injection pressure on droplet size and ''injection delay" using diesel and biodiesel fuels.
Modern high speed DI diesel engines have high power density (70 KW/l of displacement) and high cylinder air pressures (up to 180 bar) for the requirement of high efficiency. As a result of this high cylinder air pressures, the piston surface temperature gets increased and when its temperature reaches beyond 400 to 420°C then its role in the ignition of fuel spray becomes important. Because of high surface temperatures, the pistons of modern diesel engines are made of aluminium alloy [39] . All of the small high speed DI diesel engines have high cylinder pressures and therefore hot surface ignition play an important role in the combustion process in these engines. Impingement of the fuel jet on the walls occurs in almost all of the small high speed diesel engines [3] .
On the basis of the above studies it is found that fuel injection system parameters play important role in the efficient performance of the combustion process in direct injection systems. Hence there is a need to investigate the injection characteristics effect on the ignition/combustion characteristics of diesel fuel sprays using reliable, effective and accurate measurement techniques. Therefore the objective of present experimental work is to simulate and investigate the effect of injection characteristics like fuel injection pressure, fuel injection duration, etc. on the combustion and ignition characteristics like ignition delay times, rate of heat release, duration of burn, pressure rise, etc. of DI combustion system using sensor based measurement techniques.
Experimental set up and procedure

Experimental Setup
In the present work, the experimental study has been done to study the injection and ignition/combustion characteristics of high speed DI diesel fuel. In the present study, several experiments have been performed at different fuel injection pressures (100-200-300 bar) and at different cylinder air pressures (20, 30 and 40 bar) and hot surface temperatures (623, 673 and 723 K) in a constant volume combustion chamber. For each set of readings (for example 100 bar-fuel injection pressure, 20 bar cylinder air pressure and 623 K-hot surface temperature), mean value is calculated from the five repeated readings to minimise the error of measurement.
The present experimental setup has the following components as shown in Figs. 1-10 
Procedure of the Experiments
In Fig. 11 channel A shows the combustion process event, channel B shows the fuel injection process event and channel C shows the pressure rise due to combustion. Following are the steps are taken to carry out the experiments on the constant volume combustion chamber.
1. First of all the temperature of hot surface plate inside the combustion chamber (placed at a distance of nearly 64 mm from injection nozzle) is increased by means of heating coil and temperature of hot surface plate is controlled and maintained by temperature controller. 5. Bosch fuel injection pump is used to inject the required amount of diesel fuel (properties are given in Table 7) into the combustion chamber through injector having a single-hole nozzle. The fuel injection pressure is increased by tightening the screw behind the spring so that spring comes in more tension against the needle of nozzle. Therefore more pressure is required to raise the needle of the nozzle in the injector by the fuel injection pump. 6. The fuel injection pressures are measured with the help of pressure gauge. The fixed fuel injection quantities per stroke at injection pressures of 100, 200 and 300 bar are 0.16, 0.13 and 0.11 ml respectively. 7. As soon as the diesel fuel is injected into the high temperature and pressurised air in the combustion chamber, the ignition occurs after some time called ignition delay.
8. All the injection, ignition events and combustion events are recorded on to the screen of four channel oscilloscope. 9. Photo sensor gives the instant of start of combustion by sensing the light due to combustion on one channel and needle lift sensor record the duration of needle lift for the injection of fuel on another channel of oscilloscope. 10. Ignition delay is measured in ms (millisecond) by noting the difference between event of the start of injection and the start of combustion. 11. Duration of fuel injection during the needle lift is measured in ms by noting the difference between the start and the end of injection. 12. Duration of combustion/burn is measured in ms by noting the difference between the start of combustion and end of combustion. 13. After noting down all the readings, all the exhaust gases are expelled out from the combustion chamber through the exhaust valve by opening it. 14. Five times each set of readings are repeated to minimize the error and then mean is taken of the readings. 15. All the steps from 1 to 12 are repeated again to note the other sets of readings. 16. The mass of the fuel injected per stroke is kept constant so that at particular temperature, the air-fuel ratio is constant for the comparison.
Heat Release analysis in Direct Injection Engines-
The heat release rate (HRR) or rate of heat release (ROHR) is an important parameter for the analysis of combustion phenomenon in diesel engine cylinder. The analysis of heat release rate was based on the changes of cylinder gas pressure and cylinder volume during the cycle. Also the analysis for the heat release rate is based on the application of the first law of thermodynamics for an open system [3] . It is assumed that the cylinder contents is a homogeneous mixture of air and combustion products and is at uniform temperature and pressure at each instant in time during the combustion process. The first law for such a system can be written as
where dQ/dt is the heat transfer rate across the system boundary, p(dV/dt) is the rate of work transfer done by the system due to system boundary displacement, and m i and h i are the mass and enthalpy respectively of the flow into the system. P and V are the pressure and volume respectively of the cylinder and U is the internal energy of the cylinder contents. If the crevice effect is neglected, the above equation can be reduced to
where m f and h f are the fuel mass flow rate and enthalpy respectively of the fuel entering the engine cylinder.
For an ideal gas this equation can be further reduced to
where the net heat release rate dQ n /dt is the difference between the gross heat release rate dQ ch /dt and the heat transfer rate dQ hw /dt to the walls; after eliminating T from the ideal gas relation (pV = mRT), this equation can be further reduced to
This relation makes it possible to calculate the heat release rate; all the quantities on the right-hand side are known or can Figure 9 Compressed air storage tank [25] . be easily derived once the pressure-time history has been recorded [4] .
Rate of Heat Release Calculation-
We have the equation for rate of heat release for the constant volume combustion chamber in the present study as
Keeping the volume (V) of combustion chamber as constant. Now, rate of pressure rise (dp/dt) can be calculated using the equation derived from the electrical circuit of the pressure transmitter given below
where P O is the calibration constant of the Piezoresistive pressure transducer having value equal to 60 bar. Now using Eq.
where dV is the value of rise in pressure due to combustion on the screen of oscilloscope on y axis and dt is the value of duration of pressure rise on x axis on oscilloscope. Putting the value of dp/dt from Eq. (7) 
Ignition Delay
All the parameters such as start of fuel injection duration, duration of fuel injection, start of combustion, duration of combustion, and pressure rise are measured with the help of sensor based measurement techniques.
Ignition delay in diesel engines is defined as the time interval between the start of fuel injection and start of combustion. The event of start of fuel injection is shown on the channel B on screen of oscilloscope and start of combustion is shown on the channel A of oscilloscope shown in Fig. 11 . The time difference of the two events gives the ignition delay period. A series of experiments were carried out on diesel fuel in the constant volume combustion chamber at different injection pressures of fuel ranging from 100 bar to 300 bar in steps of 100 bar. During the experiments the hot surface temperatures inside the combustion chamber were varied from 623 K (350°C) to 723 K (450°C) in steps of 50 K and cylinder air pressures were changed from 20 bar to 40 bar in steps of 10 bar. Single hole nozzle was used to produce solid cone fuel spray in the cylindrical combustion chamber. show that the ignition delays of the diesel fuel sprays decrease with the increase in the injection pressures from 100 bar to 300 bar. The reduction in ignition delays may be attributed to the reduced physical delay as a consequence of better fuel atomization [20] . The better atomization (fines droplets diameters) results in improved mixing of fuel and air during the ignition delay period and hence the physical delay is affected and gets reduced. The physical delay is greatly reduced by using high fuel injection pressures, higher combustion chamber temperatures and high turbulence to facilitate breakup of the jet and improving evaporation [27] . The increased injection pressure results in increased spray tip penetration [28] and longer tip penetration enhance the fuel-air mixing process and lead to more complete combustion. The injection pressure has a great influence on ignition delay, mixture formation, flame pattern and turbulence and therefore affects flame development, combustion characteristics and engine emissions [29, 30] . The increase in injection pressure is associated with short ignition delay period and short combustion duration. It is noted from Fig. 12 that increase in cylinder air pressure (charge pressure) from 20 to 40 bar causes a decrease in the ignition delays of the diesel at lower hot surface temperatures. It can also be noted from the graphs that at high hot surface temperature (about 450°C) and at high injection pressure (300 bar), the average magnitude of the ignition delay almost remain constant nearly 7-8 ms irrespective of the cylinder air pressure. In case of real diesel engines at normal operating conditions, the increase in injection pressure produces only modest change/decrease in the ignition delay period [3] . The ignition characteristics of the fuel sprays matches with the ignition characteristics of large bore marine engines. Fig. 13 given below shows the variation of ignition delay times of the solid cone diesel spay with the hot surface temperatures at different cylinder air pressures keeping the fuel injection pressure constant for each graph. Use of hot surface ignition has emerged as a preferred combustion actuating mechanism for realizing the benefits of direct injection (DI). Key reasons for choosing the hot surface ignition approach include the combustion robustness of a continuous ignition source. Hot surface ignition is a preferred means of initiating combustion of diesel injected at or near TDC [38] . The hot surface temperature is varied from 623 K to 723 K at cylinder air pressures of 20, 30 and 40 bar for each injection pressure. The results presented in the graphs show the strong influence of initial charge conditions i.e., the hot surface temperatures and cylinder air pressures on the measured ignition delays. The increase in hot surface temperature decrease the ignition delay of diesel fuel spray as reported earlier. The cylinder air temperature and pressure strongly influence the auto-ignition characteristics of the diesel fuel [3] . Increase in the temperature of the hot surface results in decrease in measured ignition delays continuously as reported [31] [32] [33] [34] . The reason for reduced ignition delay with the high surface temperature may be the fast fuel evaporation of the impinging fuel sprays on high hot surface Figure 12 and therefore fast vaporization of fuel droplets in the spray lead to the short physical delay period. It is found that from Fig. 13 that ignition delay period decrease with the increase in cylinder air pressure being longest at low cylinder air pressure and shortest at high cylinder air pressure. The reason is that with increase in intake pressure of air, the density of air increases and increase in density of cylinder air reduces auto ignition temperature of fuel and hence the ignition delay decreases with the increase in cylinder air pressure [27] . Therefore it is found that cylinder air pressure causes the decrease in autoignition characteristics of the diesel fuel. It is also important to note from the graphs in Fig. 13 that Which means that as the cylinder air pressure increased from 20 to 40 bar, the surface temperature effect on the autoignition characteristics of the diesel fuel sprays gets reduced.
Rate of Heat Release
Fig. 14 shows the variation of rate of heat release with the injection pressure of fuel. Rate of heat release is defined as the rate of release of fuel chemical's energy or fuel burning rate during the diesel engine combustion process. Piezoresistive pressure transmitter was used to show the cylinder pressure rise during combustion on channel C of oscilloscope and rise time of cylinder pressure on the screen of digital oscilloscope as shown in Fig. 10 . Analysis of heat release rate in DI engines and combustion chambers is shown in the Section 2.3 and sample calculation of the heat release rate in the present study is shown in the Section 2.4. Here in these graphs of Fig 14, an average curve has been drawn onto the various points in order to predict general behavior of the trend between the rate of heat release and fuel injection pressure. It can be observed from the graphs at different cylinder air pressures (20, 30 and 40 bar) that rate of heat release increases with increase in values of injection pressures as reported [20, 15] . The heat release rate increases with the fuel injection pressure because the higher amount of fuel is introduced into the combustion chamber associated with the high fuel injection pressure. Greater quantity of fuel prepared during ignition delay period and results in the increased peak heat release [15] . The heat release rate throughout the combustion process increases with the increase in fuel injection rate (which is increased by fuel injection pressure) [3] . Fuel injection rate increases the fuel-air mixing rate within the spray and results in the increased heat release rate in the mixing controlled combustion phase. The net heat release rate in rapid compression machine [40] studies of DI combustion shows also increase net heat release rate with high injection pressures. The same trends of heat release rate with injection pressures are reported elsewhere [41, 42] . The magnitudes of heat release rate in the present study in a constant volume combustion chamber are lower than that found in real diesel engines, RCM, etc. Fig. 15 shows the rate of heat release variation with the duration of fuel injection at different cylinder air pressures (20, 30 and 40 bar) . An average curve is drawn on the various points of different surface temperatures (623, 673 and 723 K) to know the general trend between rate of heat release and duration of fuel injection. It is found from the various graphs of Fig. 15 that rate of heat release shows a decreasing trend with the increase in duration of fuel injection. Since the duration of fuel injection decreases with the increase in injection pressure as shown later and increase in injection pressure causes increase in rate of heat release therefore the rate of heat release gets decrease with the increase in fuel injection duration. Fig. 16 given below shows the effect of injection pressure on the injection duration of the diesel fuel sprays at different surface temperatures for each cylinder air pressure. The duration of fuel injection is defined as the time interval between the start of fuel injection and end of fuel injection. The injection duration is measured with the help of needle lift sensor. The duration of needle lift gives the duration of fuel injection into the combustion chamber. The duration of injection can be seen on channel B on the screen of digital oscilloscope as shown in Fig. 11 and can be measured on it.
Fuel Injection Characteristics
The results presented here show the decrease of fuel injection duration with the increase in fuel injection pressure from 100 to 300 bar at all surface temperatures studied. The duration of fuel injection significantly decreases with the increasing fuel injection pressure as reported [35] . High injection pressure decreases the injection duration thus maximizing the time available for fuel-air mixing prior to ignition [15] . Also it is found out that duration of fuel injection is longer at low surface temperature (623 K) and shorter at high surface temperature (723 K) and decreases continuously with the increase in surface temperatures as determined and shown by the isotherms of different surface temperatures. Similarly injection duration decreases with the increase in cylinder air pressure from 20 to 40 bar as seen in the graphs. The lowest value of injection duration is found at highest values of surface temperature, cylinder air pressure and injection pressure (723 K, 40 bar and 300 bar respectively). It is interesting to see that Figure 16 Variation of fuel injection duration with injection pressure at different surface temperatures. the results in Fig. 16 show that injection duration almost becomes similar at high injection pressure (300 bar) irrespective of cylinder air pressures and surface temperatures. It is about 8-9 ms at these points. Fig. 17 given below shows the results of experiments performed in constant volume combustion chamber to study the effect of injection pressures on duration of burn. Duration of burn/combustion is defines as the time interval between the start of combustion and the end of combustion. Photo sensor was placed on the side of combustion chamber wall and was used to detect the event of the start of combustion and the end of combustion in the combustion chamber. Photo sensor display the signal of light due to combustion on the screen of digital oscilloscope on channel A as it is seen in Fig. 11 .
Duration of Burn/Combustion
It can be seen from Fig. 17 given below that duration of burn decreases with the increasing injection pressure from 100 to 300 bar. An average curve drawn on the various points of surface temperatures in these graphs shows the same trend of decreasing nature in each graph. Higher injection pressure of the fuel initially generates a faster combustion rate [36, 37] and therefore results in faster combustion and short combustion duration of the fuel jet. Higher injection pressure results in improved atomization of fuel, good mixing of fuel and air particles and larger penetration of fuel jet. All these factors cause complete and fast combustion of the fuel jet in the combustion chamber. High injection pressures having great impact on shorten combustion duration [15] . It is found elsewhere [35] that combustion duration reduces with the increase in fuel injection pressures. Results presented in the graphs of 
Conclusion
Innovative sensor based measurement techniques are introduced in this study and they are quite effective, reliable and accurate in measuring the characteristics of the fuel sprays in the high pressure combustion systems. The effect of fuel injection characteristics on the ignition and combustion characteristics of the solid cone diesel fuel sprays using the hot surface ignition approach are studied experimentally. Following are the points concluded from the present study -Needle lift sensor effectively used in this study to measure the instant of start and end of fuel injection and the duration of needle lift give quite accurate duration of fuel injection on one channel of oscilloscope. -Piezoresistive pressure transducer sensor gives fair and accurate pressure rise due to combustion on second channel of oscilloscope. -Photo (optical window) sensor gives fast and accurate measurement of the start of combustion event and combustion duration on third channel of oscilloscope. -The various sensor used are fast, reliable and accurate.
-The results obtained with the help of sensor are reproducible with good accuracy. -Ignition characteristics of the solid cone diesel fuel sprays are strongly dependent on hot surface temperature and cylinder air pressure. -Ignition delays of the diesel sprays reduced with the increase in surface temperatures and cylinder air pressures. -Ignition characteristics of sprays significantly depend on fuel injection characteristics. -High injection pressure of fuel results in lower ignition delays of the diesel fuel sprays. -Average magnitude of the ignition delays are about 7-8 ms at high surface temperature and at high injection pressures. The magnitudes are higher as compared to real DI diesel engines. -Rate of heat release are much affected by the injection characteristics of the fuel sprays. -Rate of heat release becomes higher with the use of high injection pressure. -Rate of heat release reduced with the increase in duration of fuel injection. -Magnitude of heat release rate in present study are lower as compared to that of real DI diesel engines. -Duration of fuel injection reduces with the increase in fuel injection pressure from 100 to 300 bar. -Duration of fuel injection also decreases with the increase in surface temperature and cylinder air pressure. Although at high injection pressure (300 bar), injection duration almost becomes same in magnitude irrespective of surface temperature and cylinder air pressure. -Duration of burn/combustion is affected by the injection pressure and decreases with the increase in injection pressure. -Duration of burn/combustion also affected by the cylinder air pressure (initial air pressure) and it reduces with the increase in cylinder air pressure. -The ignition characteristics in the present study matches with the ignition characteristics of large bore marine engines.
